THE ADULT HEART possesses limited regenerative potential (5, 19) and contains within it a population of cardiac stem/ progenitor cells (4, 17, 28, 35) . Following injury, such as that which occurs with myocardial infarction (MI), the heart's native regenerative potential is insufficient to replace lost myocardium and prevent progression toward heart failure. Interestingly, cardiac progenitor cell quantities are reported to be normal or even increased in injured versus healthy hearts. When isolated from diseased tissue, these progenitor cells retain their ability to differentiate into cardiomyocytes in vitro (26, 32) , suggesting that endogenous factors may be preventing the differentiation of progenitor cells.
Following MI, the adult heart undergoes characteristic structural and functional remodeling with the formation of fibrosis and changes in the ECM composition. This results in an escalation in stiffness of the local microenvironment (6, 11) . Emerging studies of pluripotent stem cells have suggested that the mechanical properties of the microenvironment may modulate stem cell function, including self-renewal and lineagespecific differentiation (10, 20, 48) . Stem/progenitor cell function can be tuned for highly specific differentiation by altered matrix stiffness in embryonic stem cells (25) , mesenchymal stem cells (36, 37, 44, 47) , neural stem cells (27) , and adiposederived stem cells (3, 33) . Similarly, mesenchymal stem cells (14, 29, 45, 49) , CD34
ϩ bone marrow cells (50) , and induced pluripotent stem cells (16) are suggested to differentiate into cardiac cells at higher percentages when the underlying matrix stiffness approximates that of the myocardium. However, the influence of tissue stiffness in regulating the function of resident cardiac stem/progenitor cells has not been reported. Understanding the modulation of resident cardiac stem/progenitor cells is critical toward aiding functional cardiac regeneration.
Herein, we tested the hypothesis that matrix stiffness modulates resident cardiac stem/progenitor cell function. Using biomaterials to simulate microenvironment stiffness, we studied the response of cardiac side population (CSP) cells to substrates spanning the elastic moduli of normal (soft) and fibrotic (stiff) myocardium. We find that matrix stiffness is a critical regulator of CSP cell fate and function, with stiff matrix, mimicking diseased myocardium, increasing the proliferation capacity and decreasing the cardiomyogenic differentiation of CSP cells.
MATERIALS AND METHODS
Polydimethylsiloxane matrix preparation. To mimic the matrix stiffness of normal (soft) and scarred myocardium (stiff), polydimethylsiloxane (PDMS; Sylgard 184 silicone elastomer, Dow Corning) was used to prepare volumetric base monomer to curing agent in 60:1 and 30:1 ratios, respectively. The PDMS and curing agent mixtures were then vacuum degassed. Nine hundred sixty milliliters of the PDMS mixtures were dispensed into 35-mm (P35) tissue culture polystyrene dishes or each well of a six-well culture plate, respectively, to produce 1-mm-thick PDMS matrix. PDMS polymerization was achieved by incubating the PDMS mixture in culture dishes at 65-70°C for 18 to 19 h.
Chemical surface treatment and extracellular matrix conjugation. To generate a hydrophilic surface on PDMS matrixes for cell attachment, we employed a published methodology (1, 7) that involves alternate layer-by-layer coating with 0.2% polyethylenimine (PEI) and 0.3% polystyrene sulfate (PSS) layers to create a hydrophilic surface on the PDMS matrix. PEI (0.2%) and PSS (0.3%) were prepared in 10% phosphate-buffered saline (PBS) at pH 7.4. All reagents were purchased from Sigma-Aldrich. The PEI layer was always applied first, followed by incubation for 30 min at room temperature and rinsing with 10% PBS before application of the PSS layer. These steps were repeated to produce a total of three bilayers [(PSS/PEI) 3] for the 60:1 PDMS substrates representing soft matrix and four bilayers [(PSS/PEI)4] for the 30:1 PDMS substrates representing stiff matrix.
Laminin coating and binding assay. To further ensure homogeneous CSP cell attachment to these PDMS matrixes, 20 g of mouse laminin (Sigma-Aldrich) was loaded onto each P35 plate or each well of a six-well plate coated with PDMS matrix. Laminin-coated plates were than incubated for 16 -20 h at standard cell culture conditions (37°C, 5% CO 2) before cell seeding or surface stiffness measurement. Homogenous and equal laminin binding was verified using immunofluorescent tagging of the substrate surface (data not shown).
Characterization of substrate elastic moduli. For determination of substrate stiffness, surface-treated and laminin-coated PDMS samples were subjected to microscale mechanical indentation (21, 30) using a TI 900 TriboIndenter (Hysitron). A 50 m-diameter cylindrical punch tip was preloaded to 1 N and displaced 1,000 nm into the surface of 1-mm-thick PDMS samples at a rate of 20 nm/s (i.e., a quasistatic indentation). A piezoelectric sensor measured force generation, and a portion of the loading region of the force-displacement curve (100 -400 nm) was used to calculate a linear regression. The calibration of the nanoindenter was performed before each testing session to ensure the robust characterization of substrate properties using TriboScan software package (Hysitron). This procedure was implemented to reduce system drift and to keep the piezo scanner in range for the duration of the test. The sample surface was first imaged. Upon contact of the probe, scanning was initiated with the set point reduced to 1 N and scan size set to 0 m. Before measurements, the piezo scanner was allowed to stabilize for 10 min, and the linear range was confirmed. Small offsets in the in X or Y directions were then performed. To account for the possibility that localized PDMS stiffness may vary because of nonuniformity of base/curing agent mixing, PDMS stiffness was measured in 3-5 random regions. It is noteworthy that there are a number of parameters that may impact the stiffness reading, including but not limited to, inhomogeneous polymerization, nanoindenter system drift, and thermal noises.
The elastic modulus (E) was determined using Eq. 1.
where S is the slope of the linear regression, D is the punch tip diameter (50 m), and is the Poisson's ratio for PDMS (0.5), which was assumed to be a perfectly incompressible material. CSP cell isolation and culture. CSP cells from sheep and mice were isolated and cultured using our previously reported protocol (38) .
Briefly, heart tissue from adult male 10 -12-mo-old sheep (Parson's Farm) and 8-wk-old male C57BL/6 mice (strain no. 027; Charles River Laboratories) were excised, and the left ventricle was separated from the whole heart by manual dissection and digested. Residual red cells were removed, and the mononuclear cell suspension was stained with Hoechst 33342 dye and 7-aminoactinomycin D (7-AAD). With the use of fluorescence-activated cell sorting (FACS), CSP cells were distinguished from the main population by the ability to efflux the Hoechst dye, as we have previously reported (32, 41) . FACS-sorted 7-AAD-negative CSP cells were cultured in medium (growth media) consisting of 20 vol/vol% fetal bovine serum (HyClone), 2.5 mM L-glutamine (Sigma-Aldrich), and 1.0 vol/vol% penicillin-streptomycin (Life Technologies) in ␣-MEM (Lonza). Cells in passages 4 -6 were used for experimentation. All animal studies strictly adhered to the guidelines of the Harvard Medical School Institutional Animal Care and Use Committee, National Society for Medical Research, National Research Council, National Institutes of Health, and Institute of Laboratory Animal Resources and the protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Harvard Medical School (protocol no. 04745).
Cell attachment and proliferation measurements. CSP cells were seeded on each substrate condition at a density of 10 cells/mm 2 in the growth medium described above. Eight hours following initial seeding, adherent cells were lifted using 0.05% trypsin-EDTA solution. and cell number was determined by hemocytometer. Total initial cell number before seeding was also determined by the same counting method. The percent cell seeding was determined by the ratio of adherent to total initial cell numbers. Proliferation capacity was defined by the calculated doubling time following 6 days in culture using methods similar to ones previously reported (42) . The doubling time was calculated using Eq. 2.
where T is the incubation time in any units; X b and Xe are the cell numbers at the beginning and the end of the incubation time, respectively (2).
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay for cell death measurement. CSP cell death was determined using terminal deoxynucleotidyl transferase dUTP nick end labeling. Briefly, CSP cells were fixed after 3 days in culture and stained with In-situ Cell Death Detection Kit-TMR Red (Roche Applied Science). Fluorescent images of dead cells were captured using an LSM 700 Flexible Confocal Microscope (Carl Zeiss). Data were then analyzed using ImageJ (National Institute of Health). Investigators were blinded to groups while performing the experiments.
Measurements of CSP cell proliferation capacity. CSP cell proliferation capacity was determined using a complementary set of methodologies including bromodeoxyuridine (BrdU) cell cycle flow cytometry and analysis of fluorescence ubiquitination cell cycle indicator (FUCCI). To characterize the proportion of cells actively replicating DNA, CSP cells were cultured for 4 days in growth media as described above. BrdU (10 M) was pulsed for 30 min and CSP cells subsequently lifted, fixed, and stained using BD Pharmingen BrdU Flow Kit (BD Biosciences) according to the manufacturer's instructions. Analysis of cell cycle profile was performed using Accuri C6 Flow Cytometer (BD Biosciences), and the proportions of cells in the G0/G1, S, and G2/M phases were determined through software algorithms based on the BrdU and 7-AAD staining intensity.
Cell cycling profiles were also characterized in CSP cells expressing FUCCI (40) . FUCCI was delivered to the CSP cells via lentivirual-mediated gene transfer methodologies as we have previously described (41) , and FUCCI-positive CSP cells were sorted with a FACSAria II sorter (BD Biosciences). The FUCCI ϩ CSP cells were then seeded onto soft and stiff substrates and cultured for 4 days. Flow cytometry with a DxP12 Flow Analyzer (Cytek) was performed to obtain cell cycling profiles for CSP cells, and data were exported to FlowJo software (Tree Star) for analysis.
Analysis of mode of cell division. The mode of cell division, i.e., symmetrical versus asymmetrical division, was determined following 4-day culture on respective PDMS substrates. Ovine CSP cells were lifted using 0.05% trypsin solution and fixed with 4% paraformaldehyde for 30 min. The cells were then permeabilized with BD Perm/ Wash solution (BD Biosciences) according to the manufacturer's instructions. Blocking was performed on the cells with 1% BSA, followed by incubation with 1:200 dilution anti-numb (Cat No. ab14140; Abcam) and 1:500 dilution of anti-phospho-histone H 3 (phospho S10, Cat No. ab32107; Abcam) antibodies, followed by secondary Alexa 488 and Alexa 555 antibodies (Molecular Probes), respectively. The cells were analyzed with the Accuri C6 Flow Cytometer.
Analysis of cellular ageing. Ovine CSP cells were lifted from the substrate following a 3-day culture period. After fixation with 4% paraformaldehyde, rinsing in 0.5% wt/vol BSA solution in PBS and permeabilization with ethanol, the cells were sprayed onto glass slides with a Shandon Cytospin III (Thermo Scientific) at 700 rpm. Two commercially available cell lines, K562 human leukemia cells (Sigma-Aldrich) and 1301 human T-cell leukemia cells (Sigma-Aldrich), were identically prepared for calibration of telomere length. Cellsprayed slides were then stained with Dako Telomere PNA FISH Kit/Cy3 (Dako Denmark A/S). Z-stack images (stack of 25 images with interval of 0.39 m) of peptide nucleic acid-hybridized interphase nuclei were taken with an LSM700 Confocal Microscope (Carl Zeiss). The image stacks were then analyzed with FIJI open-source image processing software to determine the fluorescence intensity as a marker of telomere length.
Cardiomyogenic differentiation capacity of CSP cells. The effect of matrix stiffness on cardiomyogenic potential of CSP cells was determined using our well-established coculture method (38, 42) . Neonatal rat ventricular myocytes (NRVMs) were isolated from neonatal Wistar rats (strain no. 003; Charles River Laboratories) as previously described (13) . Forty-eight hours after the initial seeding of NRVMs, green fluorescent protein (GFP)-expressing CSP cells were seeded onto the NRVM culture to reach a total density of ϳ500 cells/mm 2 . Six days following coculture, cells were fixed in 4% paraformaldehyde for 23 min and were permeabilized with methanol at Ϫ20°C for 23 min. Cells were stained with antibodies for sarcomeric ␣-actinin following 1% bovine serum albumin blocking procedure. Nuclei in all samples were identified via 4=,6-diamidino-2-phenylindole counterstain.
Fluorescent images were acquired using an LSM 700 confocal microscope (Carl Zeiss). As previously described (38, 42) , differentiation of CSP cells was determined by assessing the ratio between total GFP-positive CSP cells and GFP-positive cells expressing cardiac-specific ␣-actinin by immunocytochemical staining and confocal microscope. All investigators were blinded to groups during the data analysis.
ECM and adhesion protein RT-PCR gene array. mRNA extracted from murine CSP cells cultured on both the soft and stiff substrates was used to synthesize cDNA using RT 2 -First Strand Kits (SABiosciences). Extracellular Matrix and Adhesion Molecules PCR array (Cat No. PAMM-013Z, SABiosciences) and CFX96 Real-Time System (Bio-Rad) were used to establish the ECM and adhesion protein expression profile according to the manufacturer's guidelines. ␤-Actin was used as the internal control.
Statistical analysis. Data are presented as means Ϯ SE. Significance was determined by a paired or unpaired Student's t-test with GraphPad Prism software. P value Ͻ 0.05 was considered significant.
RESULTS

Generation of substrates mimicking normal and fibrotic myocardium.
To examine the effects of ECM stiffness on CSP cell fate and function, PDMS substrates representing normal and fibrotic myocardium were generated with 60:1 and 30:1 PDMS, curing agent ratios, respectively. Using nanoindentation, we found that the elastic moduli of soft (60:1) and stiff (30:1) PDMS were 17.5 Ϯ 4.2 and 145.3 Ϯ 18.0 kPa, respectively (Fig. 1A) . The contact angle tests performed before and after the layer-by-layer treatment and laminin coating showed that hydrophilicity was similar between surfaces of soft and stiff substrates (Fig. 1B) . Ovine CSP cell attachment at 8 h was Ͼ90% of seeding quantity and independent of substrate stiffness (Fig. 1C) .
Elevated substrate stiffness promotes CSP proliferation. Six days following culture, ovine CSP cells proliferated with a doubling time of 29.4 Ϯ 0.5 and 23.3 Ϯ 0.2 h (P Ͻ 0.05) ( Fig.  2A ) on soft and stiff substrate conditions, respectively. Baseline levels of CSP cell death were equally low on both PDMS substrates (Fig. 2B) , suggesting that the cell number difference can be predominantly attributed to the differential proliferation capacity of CSP. Like other proliferating, non-neoplastic cells (24) , CSP cells slow or stop cell-cycle progression once they perceive restrictive boundary conditions. We did not observe overconfluency in our proliferation assays or find evidence that differential boundary conditions may have influenced proliferation results. Consistent with enhanced proliferation, CSP cells cultured on stiff substrate conditions were proportionally less present in G 0 /G 1 phases (75 vs. 81%, P Ͻ 0.05) by a BrdU/ 7-AAD assay and more present in S and G 2 /M phases (15 vs. 10%, P Ͻ 0.05), as shown in the representative flow cytometric profiles (Fig. 2C ). An alternative characterization of cell cycling by FUCCI (40) revealed a similar effect of ECM stiffness on ovine CSP cell cycling in favor of increasing proliferation rate on stiffer substrates as demonstrated by less CSP cells in G 0 /G 1 phase and more in G 1 /S phase when cultured on the stiff substrate condition (Fig. 2D) . Similar to that in the observed ovine CSP cells, the shorter doubling time of cells on stiff substrate was also observed in murine CSP cells (Fig. 3A) , with consistent BrdU/7-AAD results (Fig. 3B) . Collectively, these results suggest that ECM stiff alters CSP proliferation independent of species.
Stiffer substrate accelerates cellular ageing of CSP cells. Telomere length is one of the most commonly used indicators of cellular ageing (8) . Given that cell replication was accelerated by substrate stiffness, it stood to reason that a faster cell cycling rate may lead to telomere length shortening. Accordingly, the telomere lengths of ovine CSP cells cultured on the soft and stiff substrates for 3 days were quantified using methods described above. The fluorescence intensity values of K562 and 1301 leukemia cells with known telomere lengths (9) were recorded (Fig. 4A) to obtain a calibration curve (Fig. 4A) . CSP cells in interphase, which presented three-dimensional spatial telomere distribution within the nuclei (Fig. 4B) , were used to determine the telomere length. Telomere lengths of ovine CSP cells on the stiff substrate were ϳ200 base pair shorter than those on the soft substrate with statistically significant difference (P Ͻ 0.05, Fig. 4B ), suggesting the stiffer substrate stimulates cellular ageing.
CSP cells favor asymmetric division in a soft environment. Asymmetric division is essential for stem cell fate determination, as it produces daughter cells for both self-renewal and differentiation (31) . Numb was used in this study to label the cells undergoing mitosis, where unequal segregation of numb indicated asymmetric cell division (15, 41) . Flow cytometric results showed there was a larger numb-positive population in CSP cells on the stiff substrate than on the soft substrate (P Ͻ 0.05) (Fig. 5A) , consistent with equal numb segregation. This suggests that increased substrate stiffness promoted symmetric division.
Stiff substrates hinder the cardiomyogenic differentiation potential of CSP cells. To study the cardiomyogenic differentiation of CSP cells, we used an established coculture system, coculturing GFP-positive CSP cells with NRVMs (38, 42) . Cardiomyogensis was assessed by the expression of cardiomyocyte-specific sarcomeric ␣-actinin (Fig. 5B) . Immunocytochemistry revealed an increase in cardiomyogenic differentiation with decreasing stiffness, consistent with prior reports (11, 22, 43) . Mean CSP cell differentiation was 6.9 Ϯ 0.5% on soft substrate versus 3.7 Ϯ 0.4% on stiff substrate, representing a 46% decrease on the stiff substrate (P Ͻ 0.05) (Fig. 5B) .
Microenvironment stiffness alters ECM gene expression. After a 3-day culture, mouse CSP cells on the two stiffness substrates were harvested and mRNA was extracted for quantitative PCR of gene expression of ECM and adhesion proteins. The expression of 50 out of 84 genes tested in the preset array was reliably measured. Forty-nine genes exhibited fourfold or higher expression in the CSP cells cultured on stiff substrate relative to soft substrate (n ϭ 3) (Fig. 6) .
DISCUSSION
In the post-MI heart, the activation of endogenous cardiac stem/progenitor cells has been observed with increased mitotic activity, proliferation, and ultimately cell number (26, 38, 46) . Activation alone, however, does not imply augmentation of stem cell-mediated regeneration of lost cardiomyocytes. An increasing number of reports suggest that changes in mechanical properties within the local cardiac microenvironment may alter stem/progenitor cell behavior. In this study, we describe the influence of stiffness on CSP cell fate and function.
We used PDMS to mimic the mechanical properties of normal myocardium and scar tissue by tuning the mixing ratio of PDMS base to curing agent. Because of biological heterogeneity and differences in experimental settings, the reported elastic moduli of myocardium range from 18 to 60 kPa in normal myocardium and 55 to 295 kPa in fibrotic myocardium (6, 18) .
The elastic moduli of our experimental substrates determined by microscale, mechanical indentation were within this range. For reference, polystyrene, which is used to make culture dishes, is reported by the manufacturer (BD Biosciences) to have an elastic modulus range of 3,200-3,241 MPa. Importantly, cell adhesion and initial growth conditions were unaltered on the PDMS substrate, providing an opportunity to evaluate the effects of microenvironment stiffness on CSP cells.
Cell proliferation capacity has been previously found to increase in response to microenvironment stiffening for other non-cardiac stem and progenitor cell populations (12, 39) . Thus we postulated that a stiffer substrate, mimicking the scar tissue generated following cardiac injury, would also promote proliferation in CSP cells. Our observation of an increase in CSP cell numbers when cultured on the stiffer substrate is consistent with our previous in vivo finding (32) as well as other studies (26, 46) in which resident cardiac stem/progenitor cell numbers in response to scar formation exit quiescence and become proliferative. When we examined the proliferation processes in detail, cell-cycle profiles suggested that cells on the stiff substrate are more likely to proceed to the S phase and increase DNA synthesis. Provided that the difference between cell-doubling times of ovine CSP cells grown on soft and stiff substrates is 6.1 h over a 3-day culture period, cells on the stiff substrate would complete an additional 0.64 cell cycles versus those on the normal substrate. Although we cannot rigorously predict the telomere shortening for ovine CSP cells using a linear model, we estimate shortening of 128 to 256 base pair and observed results within these bounds. With the accelerated proliferation of CSP cells on the stiff substrate, telomere shortening is thus also accelerated, decreasing the time to stem/progenitor cell exhaustion. Similarly, prior reports have suggested increased exhaustion of endothelial progenitor cells in patients with post-MI heart failure (23), which may be explained by critically short telomeres (34) . Given the effects of altered substrate stiffness on CSP proliferation, scar formation may therefore also contribute to cardiac stem/progenitor cell exhaustion post-MI.
Our results are in line with reports suggesting that matrix stiffness regulates behavior of stem/progenitors cells (14, 16, 29, 45, 49, 50) . However, we fully recognize the intrinsic limitations of extrapolating the data obtained from an in vitro static environment to the in vivo state in which the heart is actively contracting, particularly as the heart is highly organized with anisotropic structure. In addition, its mechanical properties are likely to be different in various physical regions. Nonetheless, our findings have implications for cardiac regeneration in that endogenous stem/progenitor cells and those delivered to the diseased myocardium may be subject to microenvironment changes that favor proliferation over differentiation. Increases in microenvironment stiffness also led to greater ECM and adhesion protein expression in CSP cells. Of the 50 ECM genes examined in mouse CSP cells, 49 of those genes showed fourfold higher expression with culture on stiff substrate versus soft substrate. ECM synthesis may translate to increased fibrosis and tissue stiffness, potentially suggesting a positive feedback mechanism in mechanotransducing pathways in CSP cells.
In conclusion, stiffening of the microenvironment of cardiac stem cells leads to greater cell proliferation than differentiation, which impedes cardiac stem/progenitor cell regeneration of lost myocardium. To address this potential challenge, it may be possible to target the cellular pathways responsible for transducing mechanical signals into cell fate decisions in situ through genetic or pharmacologic therapy. Alternatively, stem/ progenitor cells may be implanted in a vehicle or matrix engineered specifically to promote cardiomyogenic differentiation despite the stiffened myocardium. Eventually, post-MI cardiac regeneration may be realized through investigation of cell-matrix interactions and application of this knowledge to therapy design. 
